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‘I
In this work, a Schiff base chemosensor (6-hydroxy-N’-(pyren-1-ylmethylene)-2-naphthohydrazide) (HL) was synthesized, which can be |
used for the detection of Cu**. This shows excellent selectivity towards Cu** ions at pH 7.4. The association constant (K,) of the chemosensor |
for binding with Cu* was 1.16 x 10* M. Using the Benesi—Hildebrand relation, the stoichiometric ratio for complexation was found to
be 1:1. The DFT method, the B3LYP functional and the 6-311++G(d,p) basis set were employed to calculate the frontier molecular orbital |
(FMO) analysis and molecular electrostatic potential (MEP). Based on the docking investigation, the Schiff base exhibits the anti- |
Alzheimer capability when docked with the receptors AChE and BChE with a binding affinity of -14.6 kcal/mol and -12.7 kcal/mol, |
respectively. Druglike nature, medicinal chemistry friendliness, and multiple toxicological were predicted using free SwissADME software. |
|
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INTRODUCTION

In recent years, the design and synthesis of fluorescent
chemosensors have drawn a lot of attention from chemists as
these are highly selective and sensitive to particular metal ions
[1-4]. The organic chemosensors utilize the property of fluore-
scence and have tremendous applications in analytical and
environmental chemistry [5,6]. Copper is the third most abun-
dant metal in the human body and Cu** ions play an influential
role as a catalytic cofactor for many metalloenzymes and other
biological processes [7-9]. However, the excess amount of
copper ion in the human body can lead to various diseases like
Alzheimer’s disease [9], Parkinson’s disease [10], Wilson’s
disease [11] and amyotrophic lateral sclerosis [12]. The maxi-
mum acceptable concentration of Cu®* ions in drinking water
is 20 uM. Excessive amounts of copper in drinking water have
resulted in Cu® ions as important pollutants in the environment.
Therefore, the detection of Cu** ions is highly important for
both the biological system and the environment. There are
various kinds of literature available for spectroscopic methods
of detection of such ions, like absorption spectroscopy, inducti-

vely coupled plasma optical emission spectrum, electrochemical
methods, flame absorption spectroscopy, etc. [13-15]. However,
these techniques have several disadvantages like high instru-
ment cost, low sensitivity, complex processes, efc. Therefore,
astrong need for cost-effective, highly sensitive, highly selective
calorimetric sensors are required, which can detect these metal
ions through fluorescence-based techniques without using any
expensive instruments [16-20].

While designing a fluorescent chemosensor, many different
kinds of signaling mechanisms are taken into consideration,
for example, photo-induced electron/energy transfer (PET)
[21], intermolecular charge transfer (ICT) [22], fluorescence
resonance energy transfer (FRET) [23] and imine isomerization
[24]. Moreorver, these fluorescent chemosensors are also very
cost-effective and promising chemosensors for the detection
of the metal ions [25-28]. It is convenient to design these fluore-
scent techniques using a Schiff base. They easily form compl-
exes with the target metal ions, showing fluorescent activity.
There is a lot of literature available on calorimetric sensors
for the detection of Cu** ions [29-32], but these sensors showed
very poor selectivity and low sensitivity over other metal ions.
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Furthermore, neurodegenerative syndrome, typically resulting
from increasing memory loss and cognitive decline in elderly
person persons, is exemplified by Alzheimer’s disease (AD).
Inadequate concentration levels of acetylcholine in the brain
are acknowledged to be a key contributing factor to AD. Inhibi-
ting acetylcholinesterase (AChE) and butyrylcholine-sterase
(BChE) is regarded as an influential therapeutic strategy for
treating AD [33-36]. In this research work, a Schiff base fluore-
scent probe (6-hydroxy-N’-(pyren-1-ylmethylene)-2-naphtho-
hydrazide) (HL) has been designed and synthesized. The sensor
successfully detected the presence of Cu* ions in the real samples.
Furthermore, FMO, DOS, MEP, ADMET and docking are also
studied.

EXPERIMENTAL

All the chemicals including pyrene-1-carbaldehyde and
6-hydroxy-2-naphthohydrazide were obtained from Sigma- Aldrich
Chemicals, USA and used without undergoing any additional
purification. Spectroscopic grade solvents were obtained from
Sigma-Aldrich Chemicals, USA and Sisco Research Laboratory
(SRL) Pvt. Ltd., India. The metal ions solutions were prepared
from either their perchlorate or nitrate salts. Analytical grade
water was obtained from the Elix 10 water purification system.
All experiments were performed at room temperature unless
stated otherwise.

Characterization: IR spectra were recorded using Perkin-
Elmer L 120-000A spectrometer with KBr pellets ranging from
4000-400 cm™. 'H and *C NMR spectra were observed through
Bruker DPX-400 MHz spectrometer. The chemical shift was
reported as ppm taking CDCls, in which tetramethylsilane was
taken as standard. Elemental analysis was carried out using
PE2400 elemental analyzer. Fluorescence spectra were recorded
using a Perkin-Elmer LS 45 spectrofluorometer. Steady-state
absorption spectra were recorded on the Shimadzu UV-1601PC
absorption spectrophotometer. Absorption and fluorescence
spectra were scanned using Quartz cuvettes of 10 mm optical
path length, which was obtained from Perkin-Elmer, USA (part
no. B0831009) and Hellma, Germany (type 111-QS), respectively.
For fluorescence emission and excitation spectra measurements,
a 5 nm bandpass was used on the excitation and emission side.

Synthesis of 6-hydroxy-N’-(pyren-1-ylmethylene)-2-
naphthohydrazide (HL): Pyrene-1-carbaldehyde and 6-
hydroxy-2-naphthohydrazide in equal molar ratio (1.0 mmol)
were mixed in ethanol solution (21 mL) and then refluxed for
10 h, which resulted in the formation of precipitate. The preci-
pitate formed was filtered and recrystallized in 1:1 mixture of
THF and ethanol (Scheme-I). Bright yellow crystals, yield:

Pyrene-1-carbaldehyde 6-Hydroxy-2-naphthohydrazide

90%. IR (KB, Vinax, cm™): 3457, 3395,3248, 1644, 1531, 1217.
'H NMR (DMSO-ds, 400 MHz) & ppm: 12.21 (s, 1H, NH),
11.28 (s, 1H, OH), 9.49 (s, 1H, N=C-H), 8.88 (d, IH, /=8 Hz,
Ar-H), 8.57 (d, 1H, J = 8 Hz, Ar-H), 8.55 (d, 1H, J = 16 Hz,
Ar-H), 8.42-8.40 (m, 4H, Ar-H), 8.29-8.23 (q, 2H, Ar-H), 8.16
(t, 1H, J=8 Hz, Ar-H), 7.89 (d, 1H, J = 8 Hz, Ar-H), 7.79 (d,
1H, J = 8 Hz, Ar-H), 7.75 (t, 1H, J = 8 Hz Ar-H), 7.49-7.54
(m, 2H, Ar-H); *C NMR (DMSO-ds, 100 MHz) 8 ppm: 163.60,
153.99, 147.19, 135.77,131.93, 130.71, 130.23, 130.01, 128.67,
128.53,128.37,128.13, 127.27,126.71, 126.49, 126.01, 125.73,
125.68,125.11, 124.01, 123.70, 123.62, 123.06, 122.48, 120.18,
110.51. Elemental anal of CysHisN,O, (m.w. 414.44), cald.
(found) %: C, 81.20 (81.16); H, 4.45 (4.41); N, 6.81 (6.73).

Computational details: The synthesized HL’s frontier
molecular orbitals (FMO) and molecular electrostatic potential
(MEP) were examined using the Gaussian 09 software package
[37]. These computations were carried out using the density
functional theory (DFT), explicitly applying the B3LYP and
6-311++G(d,p) functional and basis set.

Docking and ADMET: The molecular docking exami-
nation of HL with protein AChE and BChE has been executed
by AutoDock Vina and Auto Dock tool [38]. The online server
Swiss ADME (http://www.swissadme.ch/index.php) was empl-
oyed to achieve the ADMET investigation for HL.

Docking analysis: In this study, the fluorescent Schiff
base (HL) was docked with the active sites of the receptors
AChE and BChE to investigate the binding capacity for develo-
ping HL as a probable therapeutic candidate for Alzheimer’s
disease treatment. The AChE (PDB ID-1EVE) and BChE (PDB
ID-1POI) receptors have been obtained from the protein data
bank (PDB) in PDB file format and opened in Discovery Studio.
The receptors were then prepared for docking. During prepara-
tion, the water molecules were first removed, polar hydrogens
were added and Gasteiger charges were assigned [35,39,40].
Finally, the receptor and ligand were converted into PDBQT
format and docked using AutoDock Vina. The grid was confi-
gured with dimensions of 20 x 20 x 20 A* along the x, y and
z axes. For HMDP-AChE, the center was positioned at coordi-
nates 21.226929, 62.206393 and 30.430250, while for HL-BChE,
the center was set at 136.523857, 149.915929 and 26.730500
along their respective axes.

RESULTS AND DISCUSSION

A new fluorescent Schiff base (HL) were synthesized by
condensing pyrene-1-carbaldehyde and 6-hydroxy-2-
naphthohydrazide in ethanolic solution resulted in formation
of the Schiff base fluorescent compound HL in 90% yield.

0
CHO o

HC=—N—N
H

+ HN—N Ethanol 6

N— —_—
H Reflux, 10 h
o O O "
" Q

6-Hydroxy-N '-(pyren-1-ylmethylene)-2-naphthohydrazide

Scheme-I: Synthesis of chemosensor HL
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Absorption and emission investigation: The UV-Vis spec-
trum of HL show an absorption peak at 393 nm, which is an
intermolecular charge transfer transition. The HL (4 x 10° M)
was mixed with 1:1 v/v solution of DMSO and water, HEPES
buffer: 50 mM, pH 7, gave an emission band at 463 nm. On
addition of Cu® ions, the fluorescent intensity was increased
by four times. Under same conditions, when HL was treated
with different metal ions like Pb**, Cd*, Zn**, Mg**, Ba*, Bi**,
Hg*, Fe*, Ce™, La™, K*, Ni**, Ca™, Zr’, Mn**, Na*, Ag*, Co™,
Li*, Th*, Fe**, AI** and Sr** did not exhibit any substantial
changes in the intensity of the emission spectra (Fig. 1). This
suggests that the chemosensor HL binds effectively with Cu®*
ions, resulting in enhancement of the fluorescent intensity. More-
over upon excitation at 393 nm, the emission band increased
to 467 nm with a small red shift as shown in Fig. 2.
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Fig. 1. Fluorescence spectra of chemosensor HL (4 x 10° M) with different
metal ions
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Fig. 2. Fluorescence spectra of chemosensor HL (4 x 10 M) with 0-70
equiv. of Cu**

Further, the competitive interference of the chemosensor
for Cu** with other metal ions was monitored by mixing 100
equivalents of Cu** and 100 equivalents of different metal ions.
From the competitive studies, it was observed that the fluore-
scent intensity of Cu* ions didn’t alter with the addition of other
metal ions (Fig. 3). This confirmed that the chemosensor HL
could be employed to detect Cu** ions in real as well as biolo-
gical samples.
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Fig. 3. Fluorescence spectra of chemosensor HL (4 x 10 M) with 100

equiv. of Cu** in presence (100 equiv.) and absence of other metal
ions

Reversibility study of HL towards Cu** with Na,EDTA:
The reversibility study of the chemosensor HL towards Cu**
was examined using EDTA titration. Fluorescence intensity was
enhanced on the addition of Cu** ions (100 equiv.) to chemo-
sensor HL. However, the fluorescence emission was quenched
to the intensity of the original chemosensor HL by the addition
of Na,EDTA (100 equiv.). The cycle was repeated several times,
which infers that the binding of Cu** with the chemosensor HL
is in a reversible manner (Fig. 4).
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Fig. 4. Fluorescence spectra of chemosensor HL (4 x 10 M) in presence
of Cu**and Na,EDTA

Effect of pH and time dependence studies: The time-
dependence fluorescence study was done on chemosensor HL
in the presence of Cu** ions. Chemosensor and Cu** ions were
mixed in 1:1 v/v DMSO-H,O solution with 50 mM HEPES,
pH 7.5. Results suggest that the binding time of Cu** ions with
the chemosensor was 5 min. Hence, this time limit was set for
all further fluorescence studies on this chemosensor. Further,
the influence of pH on fluorescence intensity was examined.
The pH range from 1-12 was investigated using 100 equivalents
of chemosensor HL and 100 equivalents of Cu** ions. The result
shows that free chemosensor HL does not show any significant
change in its intensity; however, in the binding state with Cu**
ions, the fluorescence intensity remains stable at 463 nm in
the pH range from 5-9. Based on these studies, the optimum
pH of 7.5 was selected for all further fluorescence studies (Fig.
S).



2054 Bhushan et al.

Asian J. Chem.

10000+
I ‘/‘\'/-\H—*—v"‘\ﬁ”“‘\.
> 8000+
2
5 70001
C
g 6000 —e— HL+CU™
8 5000 —&—HL
7]
[0}
£ 4000
=
L 30004
2000
-— s S ——a——a L = .
1000 T T B T i T T T T T T
0 2 4 6 8 10 12
pH

Fig. 5. Fluorescence response of chemosensor HL (100 equiv.) and after
addition of Cu®* (100 equiv.) at different pH

Stoichiometry of complexation: The Stoichiometric ratio
of the HL:Cu** complex was determined utilizing Job’s plot
investigation. The interaction shows that at 463 nm, the maxi-
mum mole fraction of chemosensor HL was 0.5, which clearly
suggests that the stoichiometry of complexation of the chemo-
sensor and Cu**ion was 1:1 (Fig. 6a). This stoichiometry was
further confirmed using Benesi- Hildebrand nonlinear curve
fitting analysis. On analyzing the emission intensity data, the
association constant of HL---Cu** complex was found out to be
1.16 x 10* M (Fig. 6b). This data also suggests the complex-
ation ratio of HL and Cu** complex to be 1:1. Further detection
limit of the chemosensor was determined using titration method,
which was found out to be 0.25 x 10°M.

FMO analysis: The investigation of frontier molecular
orbitals (FMOs) provides a robust framework for analyzing
the electrical and optical properties of materials. A key para-
meter in this investigation is the energy gap (E, = ELumo—Enomo),
which provides vital insights into the efficiency and perfor-
mance of photovoltaic materials [41]. HOMO and LUMO are
collectively acknowledged as FMO; HOMO is associated with
the electron-donating capacity of the molecule, whereas LUMO
indicates the electron-accepting capability of the molecule
[33,34]. Further, the electron-donating ability of a molecule is
associated with the HOMO, making the HOMO energy directly
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related to the ionization potential. Conversely, the LUMO,
having vacant space to accept electrons, is associated with elec-
tron affinity [33,35,42]. The energies of HOMO and LUMO,
along with the HOMO-LUMO gap, are crucial for determining
global reactivity parameters. These include ionization potential
(IP), nucleofugality (AE,), fermi energy (Es), electron affinity
(EA), electronegativity (), hardness (1)), electrophilicity index
(), nucleophilicity index (v), electrofugality (AE.), chemical
potential (1), softness (s), optical frequency (@), maximum
charge transfer (ANna..), optical softness (0o), energy change
(AE) and reflectivity (R) [33]. The parameters as described
elsewhere [33,35,43] were calculated and their values are
presented in Table-1. The sketched representations of the
HOMO, LUMO and HOMO-LUMO gap plots in the gaseous
phase are shown in Fig. 7. The calculated energy of the HOMO
is -5.639 eV, corresponding to molecular orbital number 108
out of a total of 327 molecular orbitals. The energy of the LUMO
is -2.090 eV, associated with molecular orbital number 109.
Consequently, the HOMO-LUMO energy gap of the molecule
(HL) is found to be 3.549 eV. Furthermore, The Gauss-Sum
3.0 [44] software was employed to generate the density of states
(DOS) plot (Fig. 8), which highlights the population analysis
for each orbital and furnishes a specific sketch of the molecular
orbital characteristics over a certain range of energy [42,45].

TABLE-1
COMPUTED VALUES OF GLOBAL
REACTIVITY PARAMETERS (GRP)

GRP Values GRP Values
1P (eV) 5.639 AE, (eV) -2.572
HOMO (eV) -5.639 LUMO (eV) -2.090
EA (eV) 2.090 AE, (eV) 8.959
E, (eV) 3.549 ,, (eV) 6.294
u(eVv) -3.864 x (eV) 3.864
n (eV) 1.774 R (eV) -0.127
s (eV)™! 0.281 AE (eV) —4.20
o (eV) 4.206 AN, 2.178
v (eV)! 0.237 G, (V)" 0.281
E; (eV) -3.865
2.01
(b) .
1.51 K,=1.16 x10
Stoichiometry = 1:1
1.0 =

0.51

-0.51

-1.01

'1 .5 T T L L L] L L T
44 42 40 -38 -36 -34 -32 -30
1/[Cu® (M)

Fig. 6. (a) Job’s plot and (b) Benesi-Hildebrand’s plot of chemosensor HL with Cu* ion
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Fig. 7. The HOMO, LUMO and energy gap of synthesized Schiff base (HL)
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Fig. 8. Density of states (DoS) plot of synthesized Schiff base (HL)

The calculated IP and EA values are 5.639 eV and 2.090
eV, respectively. The maximum charge transfer is 2.178, indica-
ting that the Schiff base compound has a tendency to react swifty
and also demonstrates moderate stability [35,46,47]. The nega-
tive chemical potential value further confirms the chemical
stability of compound. The calculated electrophilicity index
is 4.206 eV, while the nucleophilicity index is 0.237, below
2.0 eV, classifying the title compound as a marginal nucleophile
[35,46]. The computed hardness value is 1.774 eV and the
energy change is —4.20 eV, suggesting the compound’s capacity
for electron transfer [35,48]. The softness and electronegativity
values are found t obe 0.281 and 3.864 eV, respectively.

Molecular electrostatic potential (MEP): Fig. 9 shows
the MEP map of HL, with a colour range spanning from -9.150e*
to 9.150e* The negative areas, portrayed in red, are primarily
associated with electron-rich functional groups such as imine,
ketone and hydroxide groups, indicating areas of high nucleo-
philicity and potential sites for electrophilic attack. Contrarily,
the positive regions, illustrated in blue, are concentrated around
carbon and hydrogen atoms, signifying electron-deficient zones
and potential sites for nucleophilic interactions. The MEP map
highlights the compound’s electronic characteristics, aiding
in understanding its reactivity and interaction potential in
molecular systems [33,35,46].

-9.150e-2 [N

T

Fig. 9. MEP image of synthesized Schiff base (HL)

ADMET studies: Using the Swiss ADMET, drug-likeness
of the newly designed compound HL has been studied and
the associated parameters that have been computed are drug-
likeness, lipophilicity, medicinal chemistry, water-solubility
and pharmacokinetics [33,34]. This computation implies that
HL fully complies with the Lipinski’s rule of five, exhibiting
zero violations. However, to satisfy the Lipinski’s rules, a mole-
cule would contain a molecular weight (MW) less than or equal
to 500 g/mol, TPSA (topological polar surface area) less than
or equal to 140 A2, number of H-bond donors (HBD) less than
or equal to 5, MLogP less than or equal to 5, a number of rota-
table bonds (nRot) less than or equal to 10 and number of
H-bond acceptors (HBA) less than or equal to 10. Furthermore,
HL demonstrates favourable physico-chemical properties with
alog P, iILOGP) value of 2.74 and a solubility log S (ESOL)
value of -7.06. The computed synthetic accessibility score of
2.85 falls within the excellent range, indicating that the comp-
ound is highly accessible for synthesis. The ADMET evaluation
demonstrates that the newly designed compound HL exhibits
high gastrointestinal (GI) absorption and has the potential to
inhibit cytochrome enzymes (CYP2C19 and CYP1A2). The
remaining physico-chemical parameters are listed in Table-2.

Docking studies: Table-3 provides the computed values
for root mean square (RMS), inhibition constant and binding
affinity. Prior studies suggest an RMSD value of around 2 A
is generally associated with the optimal docking pose [35,49].
The binding affinity of the ligand HL with the receptors AChE
and BChE was evaluated through the inhibition constant (K;),
which indicates the strength of interactions. The inhibition cons-
tants for the HL-AChE and HL-BChE complexes were calcu-
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TABLE-2
ADMET RESULTS FOR HL

Physico-chemical properties
Formula C,sH;sN,O,
MW 414.45 g/mol
Num. heavy atoms 32
Num. arom. heavy atoms 26
Fraction Csp3 0.00
HBA 3
nRot 4
HBD 2
Molar refractivity 130.84
TPSA 61.69 A?
Pharmacokinetics
GI absorption High
BBB permeant No
P-gp substrate Yes
CYP2C9 inhibitor No
CYP2C19 inhibitor Yes
CYP1A2 inhibitor Yes
CYP3A4 inhibitor No
CYP2D6 inhibitor No
Log K (skin permeation) -3.97 cm/s
Medicinal chemistry
PAINS 0 alert
Brenk 1 alerts
Leadlikeness No
Synthetic accessibility 2.85
Lipophilicity
Log P, GLOGP) 2.74
Log P, (WLOGP) 6.21
Log P,,, (XLOGP3) 6.84
Consensus Log P, 5.38
Log P, (SILICOS-IT) 6.33
Log P,,, (MLOGP) 4.77
Water solubility
Log S (ESOL) -7.06
Solubility (mg/mL) 3.64 x 107
Class Poorly soluble
Log S (Ali) -7.94
Solubility (mg/mL) 4.71 x 10" mg/mL
Class Poorly soluble
Log S (SILICOS-IT) -10.20
Solubility (mg/mL) 2.60 x 107
Class Insoluble
Druglikeness
Lipinski Yes
Egan No
Veber Yes
Ghose No
Muegge No
Bioavailability score 0.55

lated as 1.99 x 107" M. and 4.91 x 107'° M, respectively. These
values were derived using the formula K; = exp(AG/RT) [41,42]
where R is the gas constant (1.9872036 x 10~ kcal/mol K)
and T represents the temperature, usually set to 298.15 K (room
temperature) and AG corresponds to the binding energy. Fig.

TABLE-3
BINDING AFFINITY AND RMSD VALUES FOR DIFFERENT
POSES IN THE 1POI/BChE AND 1EVE/AChE INHIBITOR OF HL

o AChE-HL BChE-HL
é Affinity RMSD RMSD  Affinity RMSD RMSD
(kcal/mol) Lb. u.b. (kcal/mol) Lb. u.b.

1 -14.6 0.000  0.000 -12.7 0.000  0.000
2 14.3 1.044 1.942 -12.1 3.443 6.510
3 -14.1 3249  8.863 -12.1 2.021 2.896
4 -13.5 2.880  8.466 -11.9 0.776  2.856
5 -13.0 2357 4147 -11.3 1426  3.266
6 -12.5 3.237 9.232 -11.2 2837  6.019
7 -12.1 3.865 9.592 -11.0 2719  5.569
8 -11.8 2270  3.654 -10.8 2712 5328
9 -11.6 3.632  9.245 -10.6 2.451 3.818

10 shows that TRPA84, TYPA121, TYPA334, TRPA276 and
ARGAZ289 are the active sites of AChE. These residues bind
with the ligand HL through hydrogen (H) bonding, van der
Waals bonds and n-w interactions. The most preferred dock-
ing conformation for HL with AChE demonstrates a binding
affinity of -14.6 kcal/mol, while the best docking pose of the
HL-BChE complex shows a binding affinity of -12.7 kcal/mol.
Fig. 11 illustrates the active sites of BChE as TRPA82, ASPA70,
GLYA116, SERA198, PHEA329, TRPA231 and PROA285,
which interact with the Schiff base compound (HL) through
H-bonding, van der Waals contacts, ©-it and m-anion inter-
actions. These docking results suggested its potential applica-
tion for Alzheimer’s disease treatment in the current scenario.

Conclusion

In this work, a novel Schiff base chemosensor for Cu**
ions with a detection limit of 0.25 x 10°M has been designed
and accomplished. The stoichiometry ratio and association
constant were determined using the Benesi—Hildebrand relation,
which came out to be 1:1. The optimum pH range for stable
complexation of HL-Cu** complex was 5-9. The binding of
Cu**ions with chemosensor HL was found to be chemically
reversible with Na,EDTA. Further, this fluorescent chemosen-
sor can be used as a potential candidate for study in various
biological environments. The DFT calculations revealed that
the energy gap is 3.549 eV, while the hardness (1.774 eV) and
energy change (—4.20 eV) suggest that the HL possesses electron
transfer capability. Finally, the molecular docking and ADMET
examination signify its HL potential as an anti-Alzheimer agent
and its drug-like character.
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